The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. This paper first presents a theoretical formulation for a general riser system coupled with fluids in the annuli and centralizers between pipes. Hydrodynamic forces associated with the viscous fluid in between concentric cylinders are considered. An effective dynamic stiffness matrix method is then developed to evaluate the added mass and damping influence of the fluid on the natural frequencies and the dynamic response of the coupled riser system. A riser example is used to illustrate the fluid coupling impact on the system"s dynamic performance. The coupling through the fluid and centralizers can be optimally designed such that an inner pipe acts as a vibration absorber to the outer casing.
INTRODUCTION
A riser is a fluid conduit from subsea equipment to the surface floating production system such as a Spar or TLP. It is a key component in a deepwater drilling and production system. Top-tensioned risers (TTRs) have been often used for Spar applications in deepwater and ultra-deepwater field developments. They consist of an outer casing, inner casing and tubing. The pipes are coupled either through the fluid in the annuli or through intermediate guides (centralizers) or through both. This paper investigates the dynamic analysis for such an internally coupled fluid/ riser system. For two concentric cylinders, which are separated by a gap filled with incompressible fluid, the fluid provides not only added mass and damping but also coupling between the cylinders. When one cylinder is set into motion, the other cylinder tends to vibrate due to the coupling [1] . In addition, centralizers are often used to prevent the inner casing from contacting the external casing. They are distributed longitudinally along the riser. This paper first develops a theoretical formulation for a general riser system coupled through fluids in annuli and centralizers between pipes. Hydrodynamic forces due to the viscous fluid in between the concentric cylinders are considered. An effective dynamic stiffness matrix method is developed to evaluate the added mass and damping influence of the fluid on the natural frequencies and the dynamic response of the coupled riser system. This paper begins by analyzing the natural frequencies and the corresponding mode shapes for the coupled riser system. An example of a riser system is used to illustrate characteristics of natural frequencies and mode shapes and the fluid coupling impacts on the dynamic response. The coupling due to the fluid and centralizers can be optimally designed to suppress the dynamic response of an external riser and to improve its performance in resisting fatigue damage such as that caused by vortex-induced vibration (VIV). r and 2 r are the interface radii between fluid and tubes. In real applications, the length of typical tubes and the wavelength of transverse vibration of the tubes are generally much larger than the radii of
. Thus, the fluid field is assumed to be two-dimensional; that is, the axial motion of fluid is neglected. It is convenient to express the Navier-Stokes equation in the circular cylindrical coordinate system ) , , ( z r 
. For small amplitude oscillations, the equations of motion can be linearized. Chen [2] found that fluid forces acting on cylinders are linear functions of the cylinder motions, and that the forces can be separated into two components. One is proportional to the real part of a coefficient defines as 
is the instantaneous displacement of the l th cylinder (1 for outer cylinder and 2 for inner cylinder), the dot denotes differentiation with respect to time, and Formulation of a Coupled Riser System Figure 2 illustrates a coupled riser system. The governing equations of motion for the external and internal risers can be written as: Substituting Eqs. (1), (2) and (4) into Eq. (3) yields: 
The following non-dimensioned parameters are defined as:
Where the subscript '0' represents the values at a reference cross section, and 0 D is a reference diameter for the pipe. Eq. (5) is thus written into a non-dimensional form: 
and substituting it into Eq. (6) results in: 
In which
, and
The dynamic stiffness formulation of a coupled fluid/riser system is obtained by establishing a weak form of the equation in (7) using the Galerkin procedure. Each equation in (7) is weighted with virtual displacements, 1 v and 2 v , respectively:
Integrating over the domain of interest s and transforming to lower the order of the derivatives in Eq. (8) The formulation of the spectrum element method for the fluid/riser coupled system is thus developed by substituting Eqs. (9) and (10) into Eq. (8) . The coupled equation can be written as:
The riser frequency response can be solved by using the algorithms based on Gauss elimination [5] . The skyline reduction method is used in the computer implementation of the Gauss elimination.
It is noted that the global stiffness Williams (W-W) [6] presented an automatic computation of natural frequencies. For a tapered beam whose section properties vary regularly, Banerjee and Williams [7] gave a procedure to calculate natural frequencies.
However, a typical marine riser has non-uniform properties including mass distribution, bending rigidity, and tension. The procedures in [6, 7] can"t be directly used for the application in this paper. The W-W algorithm is extended to a general non-uniform riser system for solving natural frequencies [3] . Once a natural frequency is obtained, the corresponding mode shape can be found by using the Gauss elimination method.
A computational program has been developed to solve for the natural frequencies and mode shapes, and the frequency response for a generally coupled riser system.
RESULTS
A coupled riser system is used for demonstrating the applications. Both the external and internal casings are simply supported and their specifications are as follows:
Outer diameter of external pipe =13. The distance between centralizers l = 97.2 ft. Natural frequencies of an ideal fluid coupled system are obtained by using the same algorithm. Each riser is regarded as one element. The first 10 natural frequencies are listed in Table   2 . As expected, they are much lower than in Case 1. This also includes the added mass of the external fluid.
Natural Frequencies and Modal Shapes

Case 3: generally coupled by springs and ideal fluid
This case is the combination of Case 1 ( * k =0.02) and Case 2.
Natural frequencies are found using 20 elements, as in Case 1. Table 2 lists the results and includes those in Cases 1 and 2 for comparison. This table demonstrates that the fluid lowers the natural frequencies. To find the impact of a centralizer stiffness on natural frequencies and mode shapes of the coupled riser system, we further set the stiffness ratio * k to be 1 and 1000. Table 3 shows the first 16 natural frequencies and includes the results corresponding to coupled by centralizers, the first few modes are in-phase while higher mode shapes are roughly either in-phase or out-of-phase but with shifted peaks. The higher the centralizer stiffness is, the higher the mode number one must investigate in order to achieve much relative motions between the pipes.
The figure also shows that the system in the first two mode shapes vibrates as a single beam and no relative motion appears between the pipes. 
Response Spectrum
The impact of the couplings on the riser frequency response is further investigated for the centralizer stiffness of * k =1. The fluid viscosity is taken into account. The kinematic viscosity is assumed to be 4 10 0 . 1   m 2 /s, which is more viscous than water. A structural damping of 0.3% is also assumed in the computation. Figure 5 illustrates that the top 10% of the external riser is subject to VIV excitation, which is caused by a uniform current profile. The harmonic force is assumed to be uniformly distributed along the top 10% of the external pipe. This range is simulated as a power-in region. A sign function is used to determine the sign of the exciting force, based on the wave number of the external riser under average tension within the power-in region. With the harmonic exciting force, one can obtain the riser response spectrum by solving Eq. (11).
The problematic current speed range is from 0.38 to 1.40 m/s. The corresponding vortex shedding frequency is expected to be in the range from 0.25 to 1.00 Hz. The reference frequency is 0.56 Hz, which is the fundamental natural frequency for a simply supported internal pipe with the length of spacing between centralizers.
The Root-Mean-Square (RMS) value of the displacement of each riser is used to measure the global vibration level, which is defined as follows:
. Figure 6 shows the frequency response variation for the external riser"s RMS value. The corresponding VIV frequency range is marked in the figure. The figure indicates that the vibration level of the external riser is reduced significantly in the frequency range of interest because of the coupling from fluid and centralizers.
One can obtain a qualitative estimate of the equivalent structural damping due to the coupling by comparing to the response spectra between coupled and uncoupled cases. A trial and error method was used iteratively to find the same reduction within the range of frequency of interest by assuming a structural damping for an uncoupled pipe. As shown in Figure  7 , the reduction of the external riser"s vibration in the coupled case is compared to that in uncoupled case with 6.0% structural damping. The RMS stress is reduced approximately by a factor of 10. Thus the VIV fatigue damage is expected to be reduced by 1,000 to 10,000 times for this example.
CONCLUSIONS
This paper investigates the dynamic analysis of a general riser system coupled through fluid in the annuli between external and internal cylinders or through intermediate guides (centralizers) or through both. The conclusions that can be drawn from the work in this paper are:
(1) The theoretical formulation for a general fluid/ riser coupled system is constructed by using a spectrum element method and WKB-based frequency-dependent shape functions. The theoretical derivation is carried out for dual pipes. It can be further extended to include additional pipes, such as tubing in a TTR application.
(2) The coupling from fluid and centralizers affects natural frequencies and mode shapes of the riser system. Depending on the number of centralizers and their stiffness, the mode shapes can be either in-phase or out-of-phase, or appear as a single beam without relative deformation.
(3) The impact of the coupling from fluid and centralizers on frequency response of the riser system can be significant. Fluid viscosity provides the damping to the coupled system. The spacing and stiffness of centralizers play an important role in the riser natural frequencies, modal shapes and frequency response. The fluid/riser coupling can be designed to suppress the vibration of an external casing caused by VIV. The internal pipe can be used as a vibration absorber to the external pipe. 
